Figure 1. Domain Structures and Homologies of Slit Family Members
(A) Diagram illustrating the domain structures of Slit family members and percent amino acid identities among these members. All identified Slit proteins contain signal peptide (ss), four tandem leucine-rich repeats (LRR), EGF repeats, a conserved ALPS spacer, and a cysteine knot. Both Drosophila Slit and C. elegans Slit lack one LRR in LRR-3 that is present in the three mammalian Slit proteins, and they contain seven EGF repeats compared to nine EGF repeats in the mammalian proteins. (B) Amino acid sequences corresponding to EGF5 and part of EGF6 of Drosophila Slit (D), rat Slit1 (R1), human Slit2 (H2), rat Slit3 (R3), and C. elegans Slit (C) are shown to illustrate conservation of the putative proteolytic cleavage site. The peptide sequence obtained by microsequencing the amino terminus of the C-terminal cleavage fragment of hSlit2 (Slit2-C) is shown shaded, and the putative cleavage site in hSlit2 is marked by a triangle.
Results
as with one another (60%-66% overall) ( Figure 1A ). All of the predicted Slit proteins contain a putative signal peptide, four tandem arrays of leucine rich repeats Evolutionary Conservation of Slit Proteins Previous studies in Drosophila identified Robo (or dRobo1) (LRRs) (which are flanked by conserved amino and carboxy-terminal sequences), a long stretch of EGF reas a repulsive guidance receptor on growth cones that keeps navigating axons from crossing the midline inappeats, an Agrin-Laminin-Perlecan-Slit (ALPS) conserved spacer motif, and a cysteine knot (a dimerization motif propriately (Kidd et al., 1998a) . In a companion paper, provide genetic evidence implicating found in several secreted growth factors). Like their Drosophila counterparts, the mammalian Slit proteins lack Slit as a ligand for dRobo1. Given the high sequence conservation between vertebrate and invertebrate Robo any hydrophobic sequences that might indicate a transmembrane domain and are thus predicted to encode family members (Kidd et al., 1998a) , we reasoned that a Slit homolog(s) was likely also to be a ligand for vertesecreted extracellular proteins. These conserved motifs are also found in a number of other proteins and have brate Robo proteins. We identified several human and mouse expressed sequence tags that exhibited high been implicated in mediating protein-protein and ECMprotein interactions (reviewed in Iozzo, 1997; Rothberg homology to dSlit and used these to probe both a human fetal brain library and an embryonic day 13 (E13) rat et al., 1990, 1992). Slit1, -2, and -3 differ from Drosophila Slit in that they contain an additional LRR in the third spinal cord library (see Experimental Procedures). The clones recovered corresponded to three distinct genes, tandem LRR array and two additional EGF repeats (Figure 1A) . A previously published Drosophila Slit sequence all with high amino acid identity to dSlit. We designated the human and rat cDNAs hSlit1, -2, and -3, and (Rothberg et al., 1990 ) lacks an LRR in the first tandem LRR array that is present in vertebrate Slits and in a rSlit1, -2, and -3, respectively ( This suggests that the addition of the EGF repeats ochave chosen to adopt the nomenclature of Itoh et al., 1998, for clarity. All mammalian Slit proteins share a curred after the divergence of the chordate lineage from arthropods and nematodes during metazoan evolution common domain structure and high sequence homology with Drosophila Slit (43.5%, 44.3%, and 41.1% bebut prior to the triplication of the ancestral slit gene in the vertebrate lineage. tween dSlit and Slit1, -2, and -3, respectively), as well Mammalian Slit Genes Are Expressed in Overlapping cell bodies of distinct subpopulations of commissural or association neurons ( Figure 2K ).
Regions of the Developing Spinal Cord
We next determined the expression of Slit1, Slit2, and Like Drosophila slit, which is expressed by cells at the midline of the Drosophila nervous system, the Slit3 mRNAs in comparison to Robo1 and Robo2 mRNAs by in situ hybridization in the developing rat spinal cord mRNAs for all three rat Slit proteins are expressed by floor plate cells at the ventral midline of the spinal cord at embryonic stages E11-E13, i.e., when commissural axons are migrating to the midline (Altman and Bayer, (Figures 2A-2F ). From E11-E13, Slit1 is expressed at high levels in the floor plate and at lower levels in other 1984). As reported previously (Kidd et al., 1998a) , rat Robo1 expression overlaps with that of Dcc and TAG-1, regions of the spinal cord, including in the region of commissural and association neurons and in the motor known markers for commissural (dorsal) and motor (ventral) neurons at these stages (data not shown, Figures column (Figures 2A and 2D) . Likewise, Slit2 is also expressed by the floor plate, but in a different pattern: 2G, 2J, and 2L). Beginning at E11, rat Robo2 is also expressed ventrally in the region of the developing mowhereas Slit1 is expressed broadly by both floor plate cells and cells in the ventral portion of the ventricular toneuron cell bodies, but in a pattern distinct from that of rat Robo1. In contrast to rRobo1, rRobo2 is expressed zone, Slit2 is restricted to the most basal and medial region of the floor plate. Slit2 is expressed at high levels in the dorsal root ganglia (DRG) by E13 ( Figures 2H and  2K ) but is not detected in the region of the commissural in the developing motor column and the roof plate, as well as very weakly in the region of the commissural neurons overlapping with Dcc and TAG-1 ( Figure 2K ). Expression of rRobo2 is, however, detected dorsally in neurons in the dorsal spinal cord (Figures 2B and 2E) . Like Slit1 and -2, Slit3 is also expressed by the floor a lateral region of the spinal cord that may comprise the plate but at significantly lower levels than Slit1 and Slit2 cell surfaces (Figure 3 and data not shown) but could ( Figure 2C and 2F Figure 3D ). To determine binant Drosophila and mammalian Slit proteins by exwhether this is due to differences between the Drosophpressing epitope-tagged constructs in cultured cells.
ila and human proteins (e.g., the possible absence of a Because human Slit2 was the first Slit gene for which cleavage motif in Drosophila Slit) or to differences in we obtained a full-length cDNA sequence, we focused the expression systems, we expressed Drosophila Slit, on its protein product. hSlit2 expression constructs either untagged or bearing a C-terminal AP tag, in 293T bearing either a FLAG tag at the amino terminus or a myc and COS cells and examined its processing by immutag at the carboxyl terminus were transiently transfected noblotting with an antibody against the carboxy-termiinto COS and 293T cells, and expression was deternus of dSlit. As observed for hSlit2, bands of ‫091ف‬ kDa mined by immunohistochemistry and Western blot analand ‫06-55ف‬ kDa were detected (data not shown), the ysis. hSlit2 protein can be detected on the surface of latter presumably representing a carboxy-terminal cleavliving cells with an antibody directed against either the age fragment of Slit, Slit-C ( Figure 3D ; the N-terminal N-or C-terminal tags, indicating that hSlit2 is secreted fragment was not tagged and so could not be detected but remains associated with cell surfaces ( Figure 3C in these experiments). and data not shown). Western blots of conditioned meTaken together, these results suggest that mammadia and high salt (1 M NaCl) extracts of membranes from lian tissue culture cells contain one or more Slit-cleaving transfected cells revealed a band migrating at 190 kDa, proteases which appear to be absent from or inactive which is slightly higher than the predicted size for hSlit2
in S2 ., 1999) . In Slit mutant embryos, growth provide evidence for a conservation of this repulsive cones that normally do not cross the midline, now enter guidance mechanism by showing that at least one vertethe midline and never leave, despite the fact that they brate homolog of Slit-and presumably all three-can continue to express high levels of Robo. slit and robo bind mammalian Robo proteins with high affinity and display dosage-sensitive interactions, suggesting that can repel at least one class of mammalian axons, spinal they function in the same pathway, a suggestion supmotor axons.
Equilibrium binding of rRobo1-Fc (A), rRobo2-Fc (B), Netrin 1(VI-V-Fc) (D) to hSlit2, and of dRobo-Fc to dSlit (C). COS (A-C) or 293T (D) cells
ported by our demonstration that Slit is a Robo ligand. In addition to controlling the crossing of axons at the Slit Is a Ligand for the Robo Receptor in Drosophila midline, dSlit is also required for the migration of muscle The robo gene was originally identified in a large-scale precursors away from the midline, suggesting that dSlit screen for genes controlling midline axon guidance (Seeger et al., 1993) . In robo mutants, both crossing and can act as both a long-range and short-range repellent . The discrepancy between the robo away from cells would be sufficient to elicit the longrange effects. Such a model would require that in Droand slit mutant phenotypes suggests that Slit has binding partners in addition to Robo. The best candidate for sophila mesodermal cells be capable of responding at lower concentrations than axons navigating the midline. this role is the closely related receptor dRobo2, which is also expressed by CNS neurons and can also bind A precedent for this is provided by the actions of Hedgehog proteins, which similarly undergo a proteolytic Slit (J. Simpson, K. S. B, and C. S. G., unpublished  results) .
cleavage yielding a cell-associated N-terminal fragment and a freely soluble C-terminal fragment. These two fragments were initially suggested to mediate the disConservation of the Biochemistry of Slit Proteins tinct short-and long-range actions of Hedgehog proLike other axon guidance molecules, Slit and its receptor teins (Lee et al., 1994) . Instead, it was found that both Robo appear to be highly conserved through evolution.
activities are mediated by the N-terminal fragment. The We and others have found that three vertebrate Slit long-range actions appear to be explained by a lowproteins exhibit a high degree of sequence conservation level release from expressing cells and high sensitivity with their Drosophila counterpart ‫)%44-%14ف(‬ (Itoh Mammalian Slit and Robo genes are also expressed
